Abstract Management of forest carbon stocks on public lands is critical to maintaining or enhancing carbon dioxide removal from the atmosphere. Acknowledging this, an array of federal regulations and policies have emerged that requires US National Forests to report baseline carbon stocks and changes due to disturbance and management and assess how management activities and forest plans affect carbon stocks. To address these requirements with the best-available science, we compiled empirical and remotely sensed data covering the National Forests (one fifth of the area of US forest land) and analyzed this information using a Climatic Change (2017( ) 144:207-220 DOI 10.1007( /s10584-017-2038 Electronic supplementary material The online version of this article (doi:10.1007/s10584-017-2038-5) contains supplementary material, which is available to authorized users. 
Introduction
Forest ecosystems and harvested wood products represent the largest terrestrial carbon (C) sink in the USA and globally, persistently offsetting about 14% of the nation's carbon dioxide (CO 2 ) emissions (USEPA 2015) and about one third of global CO 2 emissions from burning fossil fuels (Pan et al. 2011) . The current C sink is largely the result of forest recovery from widespread clearing for agriculture and intensive harvesting during the nineteenth century and is a testament to the resilience of forests (Birdsey et al. 2006 ). Yet as forests grow older and slower and with threats from climate change, air pollution, deforestation, and increasing wood demand, the persistence of this C sink is less certain (Wear and Coulston 2015) . Conversely, climate and atmospheric chemistry changes may have significant positive effects on productivity and C accumulation in some regions (Zhang et al. 2012) . European countries are experiencing a similar mix of influences and impacts that is becoming typical of the world's temperate-zone countries (e.g., Bellasson et al. 2011) .
Given these trends and their uncertain aggregate effects, international and national policies are being implemented to reduce anthropogenic threats and enact sustainable forest management practices (e.g., USDA Forest Service 2010; US Department of State 2015; UNFCCC 2015). There is considerable potential to reduce losses or increase C stocks by reducing deforestation or increasing afforestation, improving forest management, and substituting wood products for more energyintensive building materials or fossil fuels (e.g., Perez-Garcia et al. 2005; McKinley et al. 2011; Ter-Mikaelian et al. 2015) . The appropriate application of these policies will vary by ownership so that mitigation activities can be integrated with other land-use objectives to ensure that forest uses such as timber production and water supply are not reduced and to confirm that gains in C stocks or reduced greenhouses gas (GHG) emissions are real and verifiable (Sample et al. 2010) .
Public lands have well-defined and nationally consistent policies that govern management activities, and because of their large area, they could have significant effects on the future of the US forest C sink (Dilling et al. 2013 ). The US Forest Service manages approximately one fifth (59 million ha) of US forest land containing roughly one quarter of all forest C stocks (Heath et al. 2011a) . Recognizing this significance, federal policies have been enacted to improve assessments of impacts of management activities on C stocks, with an emphasis on reporting baseline C stocks and changes over time due to disturbance and management, and potentially in the future, incorporating C stewardship with management objectives (USDA Forest Service 2010) .
In this study, we take advantage of advances in availability of data and analysis methods to conduct C assessments at the landscape scale typical of management units such as National Forests, using a consistent approach across the USA. Previous analyses of relative impacts by anthropogenic and natural factors at larger scales are less relevant to land managers, who require finer differentiation of patterns and processes along ownership lines and that reflect local climate variability. Although there have been various forest C modeling studies at national (e.g., Zhang et al. 2012 ) and regional scales (e.g. Law et al. 2004; Pan et al. 2009 ), these studies generally employ varying methods, models, and time scales. Operational-scale C assessments across the range of sites, environments, and management histories using standardized methods have been lacking in the USA.
To facilitate C reporting and inform management decisions, we developed a nationally consistent C modeling framework based on a management-oriented landscape scale for US National Forests. Here, we compare input data and model results for a selection of the 154 National Forests that represent geographic and climatic variations in addition to varying ecosystem and disturbance processes. These forests include the National Forests in Florida (NFF), Medicine Bow-Routt National Forest (MBR) in north-central Colorado and southern Wyoming, Plumas National Forest (PNF) in northeastern California, and Ottawa National Forest (ONF) in Michigan's Upper Peninsula. By presenting and interpreting model results from several diverse National Forests, we illustrate how this framework provides useful information for characterizing C dynamics and the relative contributions of driving factors, while also fulfilling Forest Service policies (USDA Forest Service 2010). By separating direct impacts of land management decisions from historical influences, changing natural disturbance regimes and atmospheric conditions, the results account for the net effect of specific actions. We show how the effects of different driving factors are regionally variable and provide our views on the prospective future of the terrestrial C sink in the USA given the observed trends for these selected National Forests.
Summary of methods: a carbon modeling framework and data integration
We integrated remotely sensed and field-sampled data within a forest C modeling framework ( Fig. 1) to provide a comprehensive assessment of current C stocks and recent trends and to distinguish relative impacts of land management and natural disturbances on C budgets within the forest ecosystem of each US National Forest. Specifically, we estimated (1) baseline C stocks via the Carbon Calculation Tool (CCT); (2) effects of disturbances on C storage and emissions using the Forest Carbon Management Framework (ForCaMF); and (3) long-term relative effects of disturbance and non-disturbance factors on C accumulation using the Integrated Terrestrial Ecosystem Carbon (InTEC) model. Regional-scale analyses of harvested wood products were conducted in related studies (e.g., Stockmann et al. 2012 ). Forest C assessments at this fine, management-unit scale require high-resolution, spatially explicit datasets. Because of diverse modeling objectives and variety of independently collected data inputs, an integrative approach is necessary to accurately estimate total C stocks and rates of change and to separate influences of different factors on C storage. We describe briefly the models and data and provide further details in the Electronic supplementary materials (ESM) 1.
The CCT model summarizes available Forest Inventory and Analysis (FIA) data collected on field plots at a density of approximately 1 plot/2430 ha across the country (Bechtold and Patterson 2005) . CCT calculates C stocks and changes from FIA tree-level data from at least two points in time using allometric models (Smith et al. 2010; Woodall et al. 2011a) . FIA data can be used for estimating total C by forest type, age class, and other categories and tracking net changes in C stocks. However, because FIA data in many parts of the country is collected at a 10-year interval and many plots have been measured only once with the current design, the inventory's current usefulness in explaining disturbance and climatic or atmospheric trends is limited unless supplemented with additional analyses from ecosystem experiments or models (e.g., Bellasson et al. 2011; Fang et al. 2014 ).
The ForCaMF model integrates FIA data, disturbance maps, and an empirical forest dynamics model, the Forest Vegetation Simulator (FVS) (Crookston and Dixon 2005) to assess impacts of different disturbances (Healey et al. 2014 (Healey et al. , 2016 . To examine disturbance impacts by type and intensity, ForCaMF employs manually verified maps of disturbance type and magnitude created by integrating time series of Landsat satellite imagery (e.g., Huang et al. 2010) , high-resolution aerial imagery, and agency records of harvest, fire (Eidenshink et al. 2007) , and insect activity (Johnson and Wittwer 2008) . ForCaMF also generates regionally representative forest C storage trajectories for alternative disturbance and management scenarios (Raymond et al. 2015) . Modeling timescales of CCT and ForCaMF were constrained to Fig. 1 General scheme for integrating data and models, and main outputs. Analyses of carbon in harvested wood products were conducted in related studies (e.g., Stockmann et al. 2012) recent decades (since 1990) when Landsat and FIA were available. ForCaMF does not address changes in soil C, which refers to subsurface organic matter including soil microbial layers up to 1 m in depth, excluding litter, duff, and fine roots .
Therefore, to further build upon CCT and ForCaMF, we used InTEC-an ecosystem process model which integrates stand-level FIA data, the Landsat disturbance product used in ForCaMF, and additional datasets such as climate records and measurements of CO 2 and nitrogen (N) deposition to determine the relative effects of environmental variables and disturbances on C dynamics since 1950 (e.g., Zhang et al. 2012) . InTEC is driven by stand age, serving as a proxy for historical disturbance (Pan et al. 2011) , plus forest-type maps and net primary productivity (NPP)-age relationships which together determine regrowth following disturbances and were all partly derived from FIA data. InTEC also tracks complex soil C and nutrient dynamics.
Although the models and data have differences, all were calibrated to FIA observations which have been compiled according to US GHG inventory standards (USEPA 2015) . Reliance on FIA data and conformance with international reporting standards enhances agreement between model results and ensures that results are well grounded in observations. While each model provides unique information and has implicit value on its own, integration of these modeling approaches and data inputs achieves a more comprehensive assessment of forest C trends and influences than the individual models alone. More thorough descriptions of the data and models are available in ESM 1. Using an example of the National Forests in Florida (NFF), we provide more thorough, step-by-step descriptions of how the input data and models are integrated in the supplemental materials and illustrated in Figs. S1, S2, S3, S4, S5, and S6. 
Results for selected national forests
Here, we present the analysis of input data and model results for the four selected US forests.
Stand age and disturbance effects
For all four forests, stand-age distributions developed from FIA datasets are characterized as uneven with unimodal or multi-modal peaks of stand establishment, indicative of recovery after stand-replacing disturbances or abandonment of agricultural lands, among longer periods of lower establishment rates (Fig. 2) . For the two western forests, early establishment pulses Fig. 3 Percentage of forest area disturbed by intensity class defined as the percent change in canopy cover (left) and disturbance type (right) for National Forests in Florida and Ottawa, Medicine Bow-Routt, and Plumas National Forests occurred roughly 80-120 years ago . In the two eastern forests, a similar early pulse occurred 70-90 years ago . These stands were most productive when they were young-to middle-aged (e.g., Fig S1b; He et al. 2012) , around the mid-1900s, though the exact timing of highest productivity is dependent on forest type and region.
Recently, increased areas of young stands are related to disturbances shown in the Landsat record. For instance, stand-age distributions for PNF and MBR show spikes in establishment within the last 20 years , due to recovery after large and/or higher-severity disturbances (Fig. 3) . PNF experienced relatively large, moderate-to high-severity fires in 2000 and 2008. Fire caused the lost potential storage of roughly 3.3 Mg C ha −1 from 1990 to 2011 (Fig. 4) , and when combined with aging effects, caused a decline in accumulated C beginning in the 1980s (Fig. 5) . Though MBR has experienced mostly low-severity insect outbreaks, they have affected >50% of the forested area in recent years (Fig. 3) , prompting extensive recovery (Fig. 2) , the loss of nearly 17 Mg C ha −1 (Fig. 4) , and a decline in accumulated C (Fig. 5) . In contrast, CCT results indicate that both MBR and PNF experienced small increases in C density from 1990 to 2013 (Fig. S7 ). ONF and NFF lack this recent pulse likely due to relatively low-intensity, occasional disturbances ( Fig. 3 ) that maintain a stable C density (Figs. 4 and 5).
A period of enhanced productivity is indicated by increases in C accumulation attributed to disturbance and regrowth during the 1950s and 1960s (Fig. 5) . As stands aged further, productivity declined and stabilized (e.g., Fig. S1b ), causing the reduction in C accumulation during the late 1900s and early 2000s. 
Climate and atmospheric effects
Precipitation and temperature had high interannual variability across all four forests, and there are distinct climate-driven trends in a few forests (Fig. S8) . For example, temperatures were increasing from 1950 to 2010 in MBR and PNF, which was correlated with a decline in C accumulation (Fig.  5 ). There are no obvious trends in temperatures in ONF and NFF, which may have led to minor C accumulation in these sites (Fig. 5) . The effect of precipitation on C trends is less obvious and may be interacting with temperature changes, but we did not explore this in the model runs.
N deposition increased from the 1950s to the 1990s then declined in the 2000s, while atmospheric CO 2 concentrations steadily increased from 1950 to 2010 across all forests. Both N deposition and increasing CO 2 can enhance growth and productivity and have caused persistent increases in C accumulation across all four forests according to InTEC results (Fig. 5) . In MBR and PNF, positive effects of N deposition and CO 2 fully offset C losses due to climate and disturbance/aging, such that MBR experienced a net gain of roughly 4 Tg C from 1950 to 2010, while Plumas saw no net change (Fig. 5) . Despite high levels in ONF, N deposition only had a relatively small positive effect on C accumulation.
Discussion

Carbon stock changes in selected US National Forests
Results here and from other studies from North American (e.g., Stinson et al. 2011; Wear and Coulston 2015) and Europe (e.g., Nabuurs et al. 2007 ) suggest that historical disturbance legacies have significant and lasting effects on forest age structure, C stocks and stock change. Stand age distributions for all four forests show distinct cohorts of stand establishment in the late 1800s through early to mid-1900s (Fig. 2 ) after disturbances associated with EuroAmerican settlement such as clearing of land for development or livestock grazing, timber harvest, or major fires. In the eastern sites, extensive regeneration followed federal acquisition of heavily cut-over lands from private owners beginning around 1911 (USDA Forest Service 1939). Policies of fire suppression and forest restoration during the twentieth century enabled newly established stands to survive, while their productivity continued to increase into the mid-1900s, causing C stocks to increase as indicated by InTEC (Fig. 5) and historical inventory data (Birdsey et al. 2006) .
After the mid-1900s, forest C stocks continued to increase, a trend revealed by previous studies (Birdsey et al. 2006; Heath et al. 2011b; King et al. 2015) . However, effects of different drivers are changing. Older forests have reached a slower growth stage, while newly established stands are reaching peak growth rates but are not as prevalent as older stands. Some areas particularly in the Western USA that are recently subject to more intense disturbances and drought have transitioned from C sinks to sources causing a decline in accumulated C (e.g., Zhang et al. 2012; Wolf et al. 2016) .
There is growing evidence that climate change is increasing frequencies and intensities of droughts (Allen et al. 2010) , biotic disturbances (Hicke et al. 2016) , and fires (Westerling et al. 2006 ) across the USA and globally. The Landsat-based disturbance records for the four case studies support this, as the forested area affected by disturbances sharply increased starting in the late 1990s (Fig. 3) . In some regions such as NFF, elevated post-disturbance regrowth in the 1970s-1990s has counteracted aging-induced declines in C accumulation. Likewise, despite recent declining C stocks (Fig. 5 ) and lost C storage potential as a result of larger, higher-intensity fires (Fig. 4) , the C sink in PNF may rebound in coming years because of regrowth (Fig. 2) . As long as forests can recover from widespread and intense disturbances as they have in the past, the strength of the C sink may be maintained or even increase. However, forest recovery after disturbances may be hampered under novel climate conditions characterized by warming temperatures and persistent droughts in some regions (van Mantgem et al. 2009; Allen et al. 2010; Brzostek et al. 2014) . This may be a particular risk following high-intensity fires (Savage and Mast 2005) . In both western forests, results suggest that warming temperatures were correlated to declines in C accumulation ( Fig. 5; Fig. S8 ). Warmer temperatures increase evaporative demands and water deficits leading to heightened tree mortality (van Mantgem et al. 2009 ). Elevated temperatures also increase decomposition rates and respiration particularly in more northern regions (e.g., Davidson and Janssens 2006) .
Model results here and from other studies (Forkel et al. 2016) indicate the important role of atmospheric composition on forest C stocks. In forests examined here, growth enhancements due to N deposition and CO 2 fertilization have partially offset recent losses due to disturbance and climate (Fig. 5) . However, in some cases, particularly in the Northeastern USA, chronically elevated levels of N deposition may lead to N saturation, nitrate leaching, and increased tree mortality (Aber et al. 1998; Magill et al. 2004 ). In western US forests which are more nutrient limited, in the absence of N deposition and CO 2 fertilization, forests would have experienced net C losses compared with 1950. The additive effects of increasing N deposition and CO 2 on C accumulation may be significantly stronger over the long term than the effects of climate variability (Pan et al. 2009; Zhang et al. 2012 ).
Integrating information for forest carbon assessment
This study demonstrates how remote sensing and field observations coupled with empirical and process-based models enable comprehensive assessment of effects of natural disturbances, land management, and environmental factors on forest C stocks and trends. Until recently, detailed analyses could not be practically undertaken with this level of consistency across the USA. Parallel advances in interpreted satellite data, ecosystem modeling, forest inventory, understanding of disturbance impacts, and the ability to integrate this information are making such analyses more feasible (Masek et al. 2015) , extending the capacity for assessing forest sector climate mitigation opportunities .
Remotely sensed Landsat data provide nearly 30 years of continuous land cover change monitoring. Recent advances in processing this vast data archive (Masek et al. 2013 ) and attributing changes to specific causes (Mascorro et al. 2015) have facilitated preparation of detailed disturbance histories and impacts on C stocks for most regions of the world. Improved spatial accuracy is important for better integration of remote sensing records with other data (Healey et al. 2014) .
Identifying long-term impacts of various disturbance types and intensities on forest C pools is critical for tracking CO 2 emissions over time because disturbances redistribute C among different pools with highly variable residence times (McKinley et al. 2011) . Rates of transfer between pools depend on disturbance types and intensities, forest type, geographic location, and biomass density; models quantifying transfer rates have been estimated here for all regions of the conterminous USA using FVS (Raymond et al. 2015) . The library of regionally averaged C transfer rates may be useful in forest planning applications and environmental assessments to estimate impacts of individual management activities on C stocks.
FIA's baseline data represent both a credible estimate of trends in C stocks and observed data points for model calibration . However, FIA's relatively sparse sample of plots remeasured every 5-10 years, does not reflect fine-scale, interannual variability and delays detection of disturbances that may affect C stocks. These limitations of the FIA data and CCT model were evident in results from the two western forests, which showed increases in C density (Fig. S7 ) despite significant insect and fire disturbances detected by the Landsat imagery (Fig. 4) . In contrast, ForCaMF and InTEC which utilize Landsat observations captured the C declines due to these recent disturbance events (Fig. 5) . Supplementing FIA data with more contemporary Landsat observations within ForCaMF and InTEC may better capture the temporal dynamics of forests and C stock changes.
Although InTEC and ForCaMF evaluate effects of various disturbance and management types on C stocks, there are several key differences between these models to consider when making direct comparisons. ForCaMF models the effects of disturbance and management on non-soil C stocks, while InTEC tracks soil C transfers (see ESM 1). This is a significant difference as soil C is one of the largest C pools in forest ecosystems (e.g., Scharlemann et al. 2014) . Additionally, ForCaMF primarily tracks potential lost C storage by estimating how much more C would be on a landscape if individual disturbances had not occurred (Healey et al. 2016) , whereas InTEC reports C stock changes and accumulations due to all disturbance types and aging effects combined.
Model results also vary due to inherent differences in modeling approaches. For instance, CCT relies on allometric models of volume, species, and tree dimensions to convert tree measurements to biomass and carbon . Similarly, ForCaMF uses individual tree measurements and site characteristics within FVS to simulate C stocks and trends. InTEC is fundamentally different as a hybrid empirical/process model, driven by biogeochemical processes such as C assimilation and N mineralization (e.g., Zhang et al. 2012 ) and does not rely on biometrics. These distinctions in modeling techniques likely cause some discrepancies in results.
The forest area in each National Forest may differ by model. CCT uses the FIA definition of forest in which a forest land has at least 36.6 m (120 ft) wide and 0.4 ha (1 acre) in size and with at least 10% cover (or equivalent stocking) by live trees, including land that formerly had such tree cover and can be naturally or artificially regenerated (Bechtold and Patterson 2005) . Thus, forest area can change over survey years given land use or administrative boundary changes, although changes in FIA sampling design and definitions in the late 1990s have introduced some discontinuity in total forest land area and consequently C estimates over time Goeking 2015) . Conversely, InTEC employs a single forest-type map based in part on FIA data (Ruefenacht et al. 2008) , thus assumes a constant forest area over the study period. While effects of forest land definitions on forest C estimates have not been evaluated, it is important to be aware that model results for individual forests may differ, sometimes considerably, for a variety of reasons.
Integrating different datasets and model results into a cohesive and credible description of observed trends has been the main challenge in this study. In the end, we have tried to ensure that results from data analyses and models are consistent with the observations by land managers who are very familiar with these ecosystems and with available historical references about land management and disturbance events.
Uncertainty and research needs
There are uncertainties in both input datasets and model results, and these uncertainties can be difficult to quantify (e.g., Heath et al. 2011b ). For example, uncertainties with observationbased data may include human sampling errors, though these are reduced by exhaustive quality control and assurance measures (Bechtold and Patterson 2005) . InTEC relies on FIA stand-age data; however, in multi-aged plots, variable stand ages are averaged to obtain a single representative age for mapping age polygons (see ESM 1). Multi-aged areas may not behave in the same way as their truly even-aged counterparts, whereas stand metrics like relative density might be more meaningful in terms of C accumulation in these situations . Additionally, despite supplementing FIA data with high-resolution Landsat disturbance data, small (<30 m) and/or very low-severity disturbances may still go undetected. Also, although the spatially continuous and contemporary nature of Landsat data enables a robust assessment of disturbances, forest canopy disturbances can sometimes be misinterpreted as landuse change rather than forest management activities (Woodall et al. 2016 ). Land-use change was not evaluated in this study since the National Forest land base is fairly static compared with private lands. Furthermore, some model parameters were derived from observations of limited extent or from analysis of empirical data such as those performed using FVS, especially those that represent key processes like respiration and temperature sensitivity.
To evaluate uncertainty in model inputs and results, CCT employs a Monte-Carlo approach in which model simulations are repeated 2000 times until uncertainty estimates stabilize . Similarly, ForCaMF uses a generalized uncertainty framework called BPDF Weaving^that integrates FIA sampling uncertainty, remote sensing error, and modeling error (Healey et al. 2014) . Uncertainty analyses are often not conducted for process-based models, although they are known to have considerable uncertainty due to incomplete understanding of mechanisms underlying ecosystem processes and inherent uncertainty in parameter values used to represent processes (Zaehle et al. 2005) . Different process models using the same input datasets typically have significantly different results (e.g., Schaefer et al. 2012) . However, sensitivity analyses of InTEC inputs and assumptions and calibration with multiple observational datasets indicates that modeled results produce a reasonable range for the total effect of all factors on forest C comparable with empirical model results, though the partitioning of factorial effects may be less certain (Zhang et al. 2012 (Zhang et al. , 2015 .
Management implications
National Forests tend to have higher C densities than private forests generally and in more contiguous landscapes (Heath et al. 2011a ). Furthermore, goals for land management are driven by quite different uses and decision-making processes (Dilling et al. 2013) . Understanding effects of management decisions on current and future C stocks is increasingly becoming a requirement (e.g., USDA Forest Service 2010) though managing forest C stocks may not be mandated. Forest management strategies that seek accretion of C stocks must also address impacts on other management objectives and related ecosystem services.
We have taken a multi-modal approach to understanding and differentiating relative impacts of factors including management, natural disturbance, atmospheric change, and climatic variation on C storage. While results presented here point to national trends in the impact of both disturbance and climate in forest C storage, the primary benefit from a manager's point of view is that results apply to relatively local landscape scales at which policies and management strategies are implemented. These assessments form the best-available nationally consistent foundation for making informed management decisions about maintaining or enhancing C storage in the context of other priorities for public lands.
